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Abstract
Styrenic polymer gels have received recent attention for their application in
transdermal patches due to their unique properties. Previous research in the pharmaceutical
industry has identified that polymeric gels, specifically styrenic gels, have the potential to
encompass multiple functions of the transdermal delivery patch including controlling
mechanical and delivery properties. To tailor styrenic gels either the gel nanostructure or
the drug complex can be controlled. Specifically, this thesis investigated the effect of gel
nanostructure in an attempt to control the gel diffusivity and mechanical properties. To
control gel nanostructure a phase selective styrene homopolymer was used at varying
concentrations. It was determined that the addition of styrene homopolymer has a direct
effect on the polystyrene micelle size within the gel. Next, the effect of this nanostructure
manipulation on gel diffusivity and mechanical performance was investigated. It was
determined that increasing the polystyrene homopolymer concentration will not
significantly alter the diffusivity or the gel mechanics of transdermal patches.
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Motivations
For decades, scientists have investigated novel drug delivery methods. Currently,
the most efficient systems include orally ingested tablets and injectable solutions. To
deliver a therapeutic payload to a targeted area of the body these devices rely on diffusion,
degradation and affinity-based release methods. Furthermore, these delivery methods must
protect the drug compounds from biological systems, i.e., the digestive track, to ensure the
payload is conveyed to the desired treatment area. Injected and ingested drug delivery
devices can thus potentially expose the patient to moderately toxic reagents ensuring the
therapeutic compound is delivered to the desired area in the body1. To improve efficiency
and safety, transdermal drug delivery systems have emerged as a viable alternative to
traditional drug ingestion treatment. Transdermal patches are devices worn on the external
surface of skin and are designed to deliver drugs through dermal tissue and ultimately into
the blood circulatory system2. While transdermal patches deliver therapeutic payloads
directly to the circulatory system and are minimally invasive, adoption of this device
technology has stalled. This is because if a transdermal patch undergoes mechanical failure
and ruptures, a burst release of the therapeutic compound will follow leading the patient to
a potential overdose3. For widescale adoption of these systems, further investigation of the
drug delivery capabilities and performance, as well as the mechanical properties of
transdermal patches is warranted.
The goal of my thesis work is to apply fundamental concepts of material science
and chemical engineering to identify the effects of gel nanostructure modification on
payload delivery and mechanical properties. Specifically, the knowledge gained from
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cause and effect tuning of gel nanostructure will further the understanding of styrenic
transdermal patches. Following a discussion of background information, this thesis will
report on the impact of a discrete phase-selective polymer on payload delivery and
mechanical properties towards transdermal gel applications.
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Introduction
Styrenic gels have proven effective in a multitude of industrial applications most
notably for their application in controlled drug release. Styrenic gels are an attractive
alternative to solution-based drug delivery because these polymeric gels provide scientists
with spatiotemporal control of payload release4. Specifically, the two primary
considerations in formulating polymeric gel delivery systems are the 1) physical gel
nanostructure and 2) the state of the payload complex. The ability to tune both the
crosslinked network within a gel and the payload encapsulation method, give researchers
access to numerous formulation possibilities to control drug diffusion rates and mechanical
properties. The goal of this undergraduate thesis is to investigate modification of gel
nanostructure in styrenic gels to determine the impact on payload delivery and mechanical
response. Specifically, the impact of a homopolymer that is crosslink-selective within
styrene-ethylene-butylene-styrene (SEBS) gels was investigated. The research described
within this thesis will:
1) Quantify the effect of homopolymer concentration on gel nanostructure
2) Determine the impact of homopolymer concentration on the diffusion of a
nanocarrier
3) Establish the impact of homopolymer concentration on gel mechanical behavior
We hypothesize that the addition of a discrete phase-selective (i.e., crosslink-selective)
polymer will cause the polystyrene micelle domains to increase in size resulting in a slower
diffusivity and increased gel stiffness.
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Chapter 1 - Background
Polymeric Gel
Styrenic copolymer gels are solid-like systems that have system-spanning
crosslinked networks controlling the gels’ release and mechanical properties. Styrenic
copolymer gels are composed of block polymers which self-assemble to generate the
nanostructure topology responsible for controlled release and gel mechanics. A block
polymer is a copolymer with two monomers clustered together forming blocks or repeating
units. Specifically, this thesis details styrene-ethylene-butylene-styrene (SEBS) a block
polymer where styrene and ethylene-butylene are monomers in a larger polymer.
Polymer Gel Nanostructure
Multiblock copolymer systems, specifically styrene-ethylene-butylene-styrene
(SEBS), exhibit self-assembly into organized dual phase nanostructures. This section
discusses the styrenic organogel nanostructure. First, Figure 1.1 represents the blocks of
SEBS polymer.
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Figure 1.1: Styrene-Ethylene-Butylene-Styrene block polymer schematic.
Specifically, SEBS is composed of polystyrene (PS) and ethylene-butylene (EB) blocks in
a 1:2 ratio by mass. Self-assembled copolymer gels result when block polymers with
chemically dissimilar PS and EB blocks and EB-selective solvent, mineral oil (MO), are
combined. The driving force behind this self-assembly is a balance of enthalpy and entropy
which aims to minimize total energy in the system. More specifically, the insoluble PSblocks aggregate and form spherical micelles. The EB-blocks will form a bridge between
PS-block micelles creating a physically crosslinked gel system5.
The polymeric organogels in this study were primarily composed of SEBS block
copolymer and MO. Figure 1.2 shows a schematic of a physically crosslinked organogel
containing nanocarrier domains. The purple, polystyrene micelle spheres act as the gel
crosslinks and are composed of physically-entangled polystyrene. The dissolved EB
chains, shown in dark green, connect the micelles, creating a physical-crosslinked gel.
Lastly, the light green region represents the MO domain.
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Figure 1.2: A polymeric gel nanostructure schematic. MO shown in light green,
Polystyrene micelle shown in purple, Ethylene Butylene chains shown in dark green and
AOT reverse micelles shown in blue (all labeled).
The addition of a payload molecule, sodium dioctyl sulfosuccinate (AOT), creates
dispersed nanocarriers throughout the gel. The blue, AOT nanocarrier spheres in Figure
1.2 represent reverse micelles created by AOT. These reverse micelles form in a similar
method to PS micelles, as a portion of AOT (it’s polar headgroup) is not miscible in the
MO domain, resulting in the formation of reverse micelles to achieve the lowest energy
state system6,7. Lastly, within the mineral oil domain EB blocks of SEBS polymer remains.
Specifically, the distance between EB polymer chains in the MO domain can be described
as mesh size (ξ) (see Figure 1.3).
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Figure 1.3: Gel nanostructure mesh size schematic.
To further explore mesh size (ξ), we examine its mathematical representation.
"!"
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Eq. 1.1

where rg represents the EB radius of gyration, CEB represents EB concentration and C*
represents the EB overlap concentration. The radius of gyration is a description of a
polymer coil’s size and is calculated by
"' #$ (
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%

Eq. 1.2

where (& represents the Flory ratio of EB, n represents the number of segments in the EB
chain and l represents segment length. C* is calculated by
(∗ =

(!"
&
)* %
% )

Eq. 1.3

where MEB represents the molecular weight of EB. Both rg and C* are constant for a given
copolymer. Additionally, the mesh size as discussed above is dependent on the
concentration of SEBS in gels and EB within the SEBS block copolymer8. CEB is
calculated by
(+, =

-.%/0*!"* 1!"
(340+* )

Eq. 1.4

where wSEBS is SEBS weight percent, 0.67 is the EB mass fraction, )+, is the density of
EB and wPS is weight percent polystyrene.
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As demonstrated by the equations 1.1-1.4 increased concentration of SEBS within gels and
EB block within SEBS results in a smaller distance of free space between polymer chains,
i.e., mesh size, in the mineral oil domain8.
Recent studies have determined that payload-AOT diffusivity and mechanical
properties are dependent on gel nanostructure9. Specifically, the Mineart group has
established that the concentration of copolymer in organogels has a direct impact on the
rate of AOT diffusion in the gel and on the gel mechanical properties10.
To

further

investigate

nanostructure

tuning

methods,

block-selective

homopolymers were identified as a potential route to alter copolymer phase behavior.
Phase-selective homopolymers have attracted significant attention in the scientific
community because these homopolymers provide an inexpensive and simple method to
tune properties of block polymers11. Homopolymers have distinct selectivity (Figure 1.4),
meaning either the homopolymer is miscible in EB (denoted by the space between purple,
crosslink domain circles), in the PS crosslinks (denoted by the purple, crosslink domain
circles) or is non-selective (can be found in any region of the gel).

Figure 1.4: A polymeric gel schematic of block miscible homopolymers.
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Depending on a homopolymer’s chemical structure, it will display PS-selectivity, EBselectivity, or non-selectivity. This selectivity, like PS and EB polymer blocks, will
aggregate in their respective regions to achieve the lowest energy state. In this study, a PSselective homopolymer, polystyrene, was utilized in an effort to tune SEBS gel
nanostructure and consequently control the diffusivity of a payload, as well as the gel’s
corresponding mechanical properties. Specifically, polystyrene homopolymer was used to
control the size of PS-micelles as this homopolymer will accumulate in this region only.
Structural Characterization via Small Angle X-ray Scattering
Small Angle X-ray Scattering (SAXS) is an analytical technique, which provides
information about the structure of materials at the nano- to meso-scale. SAXS relies upon
recording the behavior of scattered X-rays through a gel. Specifically, SAXS senses
contrast in the electron density within each sample. SAXS was used to examine the
molecular assembly of copolymer gel samples. Specifically, this method was used to
determine the shape and nanostructure of each formulation under examination. To perform
a SAXS experiment, an X-ray is transmitted through a sample at a wavelength, λ (Figure
1.5). Upon striking the sample, the X-rays scatter, with an angular dependence creating a
two-dimensional scattering pattern. This scattering generates a scattering profile unique to
each sample. Specifically, each specimen will record a unique profile where the electron
density contrast within the sample varies depending on its unique nano- to meso-scale
structural properties. To convert two-dimensional scattering maps (like the one shown in
Figure 1.5) into one-dimensional intensity profiles, azimuthal integration is performed
where the one-dimensional scattering vector, q, is related to the scattering angle θ and X-
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ray wavelength λ by q = 4πsin(θ)/λ. Specific geometric modeling of the one-dimensional
intensity profiles allows for the interpretation of the data12.

Figure 1.5: Small Angle X-ray Scattering Experiment Schematic13
To translate the SAXS scattering data into an understanding of nanostructure properties the
following model was used to fit the experimental data.
*(,) = .6( /6( (,) + .78 /78 (,)178 (,) + 234

Eq. 1.5

where I(q) represents the scattering intensity, q represents the one-dimensional scattering
vector, . RM represents the weighting factor of AOT reverse micelles, PRM represents the
form factor of the reverse micelles, . PS represents the weighting factor of polystyrene
micelles, PPS represents the form factor of polystyrene micelles, SPS represents the structure
factor of polystyrene micelles and bkg represents the scattering background. Specifically,
the form and structure factors PRM, PPS and SPS are represented by the following equations:
/6( = %
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Eq. 1.6

where rRM represents reverse micelle radius
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where rPS represents polystyrene micelle radius

&

Eq. 1.7
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Eq. 1.8

where 2rHS represents center to center distance between polystyrene micelle domains. Once
fit, these parameters provide insight into the experimental SAXS data and samples’
nanostructure is determined.
Mass Transport in Block Copolymer Gels
Studies of styrenic block polymer gels have shown that mass transfer of drug
payloads out of a gel can be controlled by varying the gel nanostructure. Specifically, it
has been shown that increasing the total polymer concentration causes slower diffusion of
model drugs and a lower diffusivity. This is because the mass transfer of a payload through
a polymeric gel is dependent on the mesh size in the gel network14. Mesh size, the distance
between polymeric chains, and size of payload controls the diffusivity because polymeric
chains serve as physical barriers to diffusion. As a result, increasing the polymeric chain
density in a gel decreases the mesh size within the gel. If the barriers to diffusion are
increased, a decreased diffusivity of drug from the styrenic gel will occur. Furthermore,
changing the size of the payload can control the diffusivity of these gels. Together gel
formulation and nanocarrier size can be tuned to engineer the idealized diffusivity for every
application10.
To experimentally model the mass transfer of a designed payload from a polymeric
gel, a mathematical relationship between payload concentration and diffusivity needs to be
determined. Specifically, the Navier-Stokes-Fick mass balance (cylindrical coordinates)
model will be used to represent the release of AOT:
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where ) represents density of AOT, wa represents mass fraction of AOT, t represents time,
r, >, z represent spatial parameters, v represents velocity, Da,b is the diffusivity of AOT and
ra is a reaction. To remove confounding variables the following assumptions are made:
1) No reaction or degradation of the gel (ra = 0)
2) No convective mass transport (vr <G and vz = 0)
D( 0

3) No > direction diffusion ( DG(/ = 0)
Given these assumptions and the fact that )@I is the concentration (C) of AOT, a twodimensional equation result:
D"
DE

3 D

D"
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Eq. 1.10

To further simplify this equation, scaling analysis is used to rescale the two-dimensional
diffusion equation
D"1
DE1

L

3 D

= (6 ); % *

1
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D"

D( "
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where R is gel disk radius, L is diffusion length (half gel disk radius), Cs =
=

L(
M

, rs =

*
6

Eq. 1.11
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H

and zs = L. Furthermore, one dimensional diffusion can be assumed if the

radius of disk is significantly larger than the disk thickness. This assumption can be made
L

because when 6 ratio is small the diffusion is minimally impacted resulting in:
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Eq. 1.12

To solve the one-dimensional diffusion equation, boundary conditions were set. First, all
AOT diffuses outwards following the path of least resistance. This translates to the
condition that at the center of the gel the concentration gradient is zero:
D"1 (-,E1 )
DH1

=0

Eq. 1.13

The next boundary condition identifies the mass transfer of AOT from the gel into the
mineral oil bath.

=

D"(L,E)
DH

= −3(((A, C) − (& )

Eq 1.14

where D is diffusivity, k is the mass transfer coefficient and (& is the concentration of the
mineral oil bath. After performing scaling analysis
D"1 (3,E1 )
DH1

= −DE(N (1, CN )

Eq 1.15

where Bi is the Biot number. Assuming a well stirred system resulting in a Biot number
much larger than 1 this boundary condition can be reduced to:
(N (1, CN ) = 0

Eq. 1.16

Next to solve this differential equation an initial condition was chosen which sets the
concentration of AOT to be constant at time 0 in all locations of the gel, z.
(N (FN , CN = 0) = 1

Eq. 1.17
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Using the boundary conditions and the set initial condition, produces the following
solution15:

O
O6
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Eq. 1.18

where W is the mass of AOT at a given time. The solution can be approximated using only
the 8 = 1 term because the solution is an exponential decay. Meaning the 8 = 1 term is the
most dominant term. Approximation using the most dominant term in the exponential
decay resulted in the model below:
O
O6

=

Q
)(

4)( M

exp %

9L(

C&

Eq. 1.19

Using this equation, the retained mass of AOT over time is fit to determine a diffusion
coefficient.
Mechanical Properties of Block Copolymer Gels
In tandem with diffusivities of polymeric gels, mechanical performance is also
important in transdermal adoption of polymeric gels. Prior experiments have shown that
SEBS gels behave similarly to crosslinked rubber when subjected to mechanical stress.
Specifically, SEBS gels exhibit a non-linear stress-strain behavior. Furthermore, studies
have identified factors affecting the mechanical properties of polymeric gels. It was
determined that an increased concentration of polymer content led to a more densely
crosslinked network within the gel, as well as an increased amount of polymer chain
entanglement, resulting in a higher modulus (i.e., stiffness) for the gel. These factors
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together contribute to the mechanical strength of the SEBS gel as a function of polymer
concentration.
A series of models were improved upon to create a stress-strain equation that
modeled SEBS polymer gels effectively. First, early models of vulcanized rubber, a
polymeric crosslinked system, were represented by Equation 1.2016.
X = YR %Z −

3
S(

&

Eq. 1.20

where X represents applied stress, Gc is the effect of polymer crosslinking on gel mechanics
NIOT$U $U#!EV

and Z represents the extension ratio % !IW!U $U#!EV &. Gc is theoretically represented by
Equation 1.21.
YR = <3[

Eq. 1.21

where v is the density of polymer chains, k is Boltzmann’s constant, and T is temperature.
This system models only the effect of crosslinked polymer network on gel mechanics.
Next, as polymeric materials became more advanced, models were developed to reflect
two phase systems, such as filled elastomers and physically-crosslinked block polymer
gels.
X = YR %Z −

3
S(

& \(]78 )

Eq. 1.22

where \(]78 ) represents the filler factor based on the fraction of styrene in gels (]78 ).
This system modeled the stress-strain performance of a gel by analyzing the effect of
crosslinked chains and embedded polystyrene domains. However, even in this evolved
model major assumptions were made. Specifically, Equation 1.22 ignores interaction

16
between polymer chains. As a result, a Ge factor was added. Ge represents the effect of
polymer entanglements on gel stress performance.
X = ^YR %Z −

3
S(

X

9
& + !(S)
%Z −

3
S(

&_ \(]78 )

Eq. 1.23

where 4(Z) is equal to 0.74Z + 0.61Z4-.Y − 0.35. As with Gc, Ge is expected to be a
function of polymer concentration as represented by Equation 1.24.
:

YU ∝ @8+,8 &

Eq. 1.24

where wSEBS is the weight fraction of SEBS copolymer in a gel. Ultimately, the model in
Equation 1.23 is effective at modeling the 1) crosslinked gel network within a SEBS
polymer gel 2) the two-phase system formed by presence of polystyrene and poly(ethylenebutylene) and 3) the entanglement of ethylene-butylene polymeric chains16.
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Chapter 2 - Methods
Sample Preparation
The materials used in this study include sodium dioctyl sulfosuccinate (AOT),
poly[styrene-b-(ethylene-co-butylene)-b-styrene] (SEBS, number-average molecular
weight (Mn) 125,000), polystyrene (Mn, 10,000), white aliphatic mineral oil (MO)
(Sonneborn LLC, grade 200 PO) and toluene.
Gels for diffusion experiments were prepared by dissolving SEBS, MO,
polystyrene, and AOT at their desired quantities in toluene at a 20:1 toluene volume to
gels’ solids mass ratio (e.g., 2.0 g SEBS, 0.1 g AOT, 0.1g Polystyrene and 7.8 g MO were
dissolved in 200 mL toluene). Polymeric formulations ranged from 0.5 – 2.0 weight percent
polystyrene homopolymer and 20 and 30 weight percent SEBS concentration. Once
complete dissolution was achieved, homogenous gels were extracted from toluene
solutions by rotary evaporation (28.5 mmHg and 40 °C). Isolated gels were then annealed
in a vacuum oven for 18 hours. Gels were subsequently formed into disks and strips using
a Carver Press. The gels were then preswollen for approximately 800 hours in MO, with
an equal concentration of AOT as that in the gel. Preswelling ensured the gels maintained
a constant size throughout the diffusion experiments so that the diffusion rate of AOT was
not impacted by swelling. Post-swelling polymeric formulations ranged from 0.2-1.5
percent polystyrene homopolymer and 10 and 15 weight percent SEBS concentration. The
formulation of each gel can be found in the Results and Discussion Chapter, Table 3.1.

18
SAXS Experiments
To understand the nanostructure of polymeric samples, SAXS experiments were
conducted. SAXS experiments were conducted on beamline 12-ID-B at Advanced Photon
Source at the Argonne National Laboratory, Lemont, Illinois. Experiments used a Pilatus
2M detector and 13.3 keV X-rays with a 0.93 Å wavelength. Experiments were performed
at ambient temperature and pressure. One-dimensional profiles were fit using Equation 1.5
in SasView, a small angle scattering software analysis package.
Diffusion Experiments
To execute diffusion experiments, gels were formed into disks with a diameter of
25mm and a thickness of 1.5 mm. Following pre-swelling, ~30mm diameter x ~1.9mm
thick, gel disks were placed into glass jars and submersed in 100mL of MO. Jars were
maintained at ambient temperature and were regularly agitated.
To monitor the diffusion of AOT from polymeric organogels, Fourier Transform
Infrared Spectroscopy (FTIR) was used. The goal of the FTIR method is to measure how
much infrared (IR) radiation a sample absorbs at a range of wavelengths. When IR is passed
through a sample, some radiation is absorbed by the sample and some is transmitted. The
resulting transmitted IR signal is detected and analyzed. Since different chemical structures
absorb different IR radiation wavelengths, FTIR can produce a unique fingerprint to
analyze the chemical composition of a sample. Table 2.1 lists key chemical structures and
their corresponding wavenumber which was used to track the variation of AOT and SEBS
polymer over time.
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Table 2.1: Chemical Structures and Corresponding FTIR Wavenumber. Carbonyl
Group is associated with AOT. Methyl Group, Aromatic and Aliphatic Carbons
associated with SEBS polymer gel16.
Functional Group

Wavenumber (cm-1)

Carbonyl Group

1,740

Methyl Group

1,375 and 1,450

Aromatic Carbon

1,650 – 2,000

Aliphatic Carbon

2,840 – 3,000

The FTIR technique tracked the absorptivity of various components in the gel to
create the chemical fingerprint. Specifically, the carbonyl group in AOT corresponds to a
well-defined spectrum peak at 1,740 cm-1 thus FTIR is used to track the release of AOT,
model payload as shown in Figure 2.1.

Figure 2.1: FTIR spectrum of AOT diffusion in polymeric gel over time where, as time
increases, the peak at 1,740 cm-1 decreases (as indicated by the arrow).
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By tracking the change in absorbance height of the AOT peak at 1,740 cm-1 the change in
concentration of AOT within the gel sample can be determined using Beer’s Law. Beer’s
Law is expressed as:
f = g ∑ hZ[\ iZ[\

Eq. 2.1

where A represents absorbance, l represents pathlength, hZ[\ represents molar absorptivity
of AOT and iZ[\ represents concentration of AOT in the gel sample. To determine the
relative concentration of AOT remaining in the gel, a ratio between absorbance at time t
and the initial time is taken
Z;
Z6

=

$; ∑ ^<=> R<=>,;
$6 ∑ ^<=> R<=>,6

Eq. 2.2

where t represents time and 0 represents initial measurements. The ratio was further
simplified as the pathlength remains constant throughout the duration of the experiment.
Furthermore, for a constant compound, AOT, the molar absorptivity also remains constant.
Lastly, since gels are swollen before diffusion experiments the volume of gel specimens
did not change. As a result, the change in concentration can be related to the change in
mass. Given these conditions, the resulting relationship was used to quantify the rate of
AOT release as a function of time
Z;
Z6

=

O;
O6

Eq. 2.3

where mt is retained mass at time t and m0 is retained mass at time zero.
Mechanical Testing
Mechanical testing was performed using uniaxial tensile testing under ambient
temperature and pressure conditions. The goal of these experiments was to determine the
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stress-strain relationship of each gel formulation. To conduct the tests, SEBS gels were
formed into uniform strips using a Carver Press. These strips were ~9.5mm wide x ~2mm
thick and were loaded to have a 20mm gauge length. Testing was conducted on a single
axis of an ADMET eXpert 8000 planar biaxial tester operating at a strain rate of 0.2 mm
per second. Tensile data was fit to the stress-strain model using the fittype function in
MATLAB. Specifically, this function is a numerical algorithm which uses the method of
least squares.
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Chapter 3 - Results and Discussion
Gel Formulation
The purpose of this section is to highlight the formulated quantities of components
in gels. Specifically, two series of gels were examined in this thesis at two levels of SEBS
and varying styrene homopolymer concentration. Table 3.1 represents the pre- and postswelling concentration of SEBS and styrene homopolymer where AOT is constant at one
weight percent concentration pre- and post-swelling.
Table 3.1: Pre and post swelling concentration of SEBS 20% and 30% and styrene
homopolymer in gels.
Pre-Swelling
Concentration
SEBS (%)

Post-Swelling
Concentration
SEBS (%)

20

Concentration
Styrene
Homopolymer (%)
0.5

10

Concentration
Styrene
Homopolymer (%)
0.2

20

1.0

10

0.5

20

1.5

10

0.8

20

2.0

10

1.0

30

0.5

15

0.2

30

1.0

15

0.5

30

1.5

15

0.8

30

2.0

15

1.0
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The addition of styrene homopolymer will increase the concentration of styrene within gel
and, as a result, decrease the concentration of mineral oil (MO) and ethylene-butylene
(EB). SEBS copolymer consists of 67% ethylene-butylene and 33% styrene and the
homopolymer consists of 100% styrene. Using this information, the concentration of total
styrene within the gel was determined as a function of added homopolymer, Figure 3.1.

7

Concentration PS (%)

6
5
4
3
2

SEBS 10%
SEBS 15%

1
0
0

0.2

0.4

0.6

0.8

1

1.2

Concentration Styrene Homopolymer (%)

Figure 3.1: Concentration of total polystyrene (from SEBS and homopolymer) in
polymeric gel.
Gel Nanostructure
The first objective of this thesis is to understand the impact of modification of gel
nanostructure on diffusivity and gel mechanics. To gain insight into the effect of varying
styrene homopolymer on gels nanostructure at constant SEBS concentrations, SAXS was
used. Specifically, as discussed previously, nanostructure dimensions are quantified by
fitting one-dimensional X-ray scattering of SAXS data using Equation 1.5. This model
represents both the reverse micelles formed by AOT and styrene micelles as spherical
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domains. After fitting solid model lines to X-ray scattering profiles, insight into
nanostructure can be gained. The first peak around 10-2 A-1 represents the center-to-center
distance between crosslinks. The next broader peak around 2x10-1 A-1 represents the
polystyrene micelle domain. As the polystyrene domains increase in size the broad peak
will be shifted left and the sharper peak will be shifted to the right since the distance
between domains inherently will decrease. Figures 3.2 and 3.3 show a series of SAXS
spectra of varying styrene homopolymer concentrations at a constant amount of SEBS.

Figure 3.2: Scattering profiles and model fits for 10% SEBS concentration and varying
styrene homopolymer concentration (as indicated by the legend) where points represent
X-ray scattering data and lines represent SAXS model. Scattering profiles have been
shifted vertically by a factor of 2n for visual clarity, with the 0.2 wt% styrene
homopolymer representing the original scale.
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Figure 3.3: Scattering profiles and model fits for 15% SEBS concentration and varying
styrene homopolymer concentration (as indicated by the legend) where points represent
X-ray scattering data and lines represent SAXS model. Scattering profiles have been
shifted vertically by a factor of 2n for visual clarity, with the 0.2 wt% styrene
homopolymer representing the original scale.
Equations 1.5-1.8 were fit to SAXS experimental data represented in Figures 3.2 and 3.3
to reveal the size of AOT nanocarriers, radii of polystyrene micelles ($78 ) and the distance
between polystyrene micelles. First, it was determined that the size of AOT reverse
micelles ($6( ) remain constant throughout the styrene homopolymer series as well as
between SEBS concentrations (ca. 1 nm). Next, Figure 3.4 investigates the polystyrene
(PS) micelle size (purple, crosslink circles represented in Figure 1.2).

26
130

PS Micelle Radius (Å)

125
120
115
110
SEBS 10%
105

SEBS 15%

100
0

0.2

0.4

0.6

0.8

1

1.2

Concentration Styrene Homopolymer (%)

Figure 3.4: Values of polystyrene micelle radius (rPS) of SEBS concentrations 10% and
15% at varying styrene homopolymer concentrations.
It was hypothesized that increasing the concentration of PS homopolymer would increase
the size of PS micelles. As illustrated in Figure 3.4, SAXS confirmed that the PS micelle
radii increase with increasing PS homopolymer concentration. This is because as PS
homopolymer was added this homopolymer accumulates in the PS micelles resulting in a
notable increase in size. Next, the distance between polystyrene micelle was investigated.
This distance was defined as the space between two PS micelle represented in Figure 3.5.
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Figure 3.5: Geometric representation of distance between polystyrene micelles.
SAXS experiments directly identified both the radius of polystyrene micelles, Figure 3.5,
and the center-to-center distance between polystyrene micelles. Thus, the PS-to-PS micelle
distance was determined using the difference between these values (i.e., 2(rhs – rPS)).
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Figure 3.6: Values of polystyrene micelle to polystyrene micelle distance of SEBS
concentrations 10% and 15% at varying styrene homopolymer concentrations.
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Figure 3.6 illustrates a minor decrease in PS micelle to PS micelle distance when increasing
the PS homopolymer concentration across 1.2 weight percent. This is because as the PS
micelles increased in size the distance between the micelles decreased. This effect on PS
to PS distance is not as pronounced as PS micelle radius. This is because when PS micelle
size is increased it is due to the increase in total styrene polymer concentration.
Specifically, the polystyrene concentration is changed from 3.8 wt% to 4.8 wt% (for 10
wt% SEBS gels) and 5 wt% to 6 wt% (for 15 wt% SEBS gels). However, distance between
polystyrene micelles is altered very little due to the minimal change in the EB/MO phase
concentration. The concentration of EB/MO is changed from 96 wt% to 95 wt% (for 10%
SEBS gels) and 95 wt% to 94 wt% (for 15 wt% SEBS gels).
AOT Diffusion
It was hypothesized that the concentration of styrene homopolymer would
independently impact the diffusivity of AOT nanocarriers. Specifically, I postulated that
with increasing styrene homopolymer concentration the diffusivity would be hindered as
the crosslinked polystyrene domains would increase in size. AOT nanocarrier release
experiments were conducted to determine the AOT retained mass (m/m0) profile. Retained
mass profiles of AOT were similar within a constant SEBS concentration but varied
between different SEBS concentrations. This can be observed in Figure 3.7 because gels
with higher SEBS concentration reach release completion faster. When all the mass of
AOT (m) was released, the mass release profile becomes constant at m/m0 = 0. The release
model in Equation 1.19 was used to fit each gel’s release profiles and determine the
diffusivity of AOT through each gel.
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Figure 3.7: Retained mass profiles of gels at SEBS concentrations of 10% and 15% at a
series of styrene homopolymer concentrations (indicated in legend) where points
represent released mass and lines represent theoretical model.

As developed in equation 1.19, the retained mass of AOT within the gel is fit to the
experimental release curve to determine a diffusivity of AOT of each gel. Table 3.2 and
Figure 3.8 investigate the effect of altering SEBS concentration and altering styrene
homopolymer have on diffusivity.
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Table 3.2: Diffusivity values of gels at SEBS concentrations of 10% and 15% at a series
of styrene homopolymer concentrations.
Concentration SEBS (%)

Concentration Styrene
Homopolymer (%)

10

15

0.2

6.82 * 10-9

5.43 * 10-9

0.5

7.03 * 10-9

4.70 * 10-9

0.8

7.03 * 10-9

5.08 * 10-9

1.0

6.97 * 10-9

4.89 * 10-9

7.50E-09
7.00E-09

Diffusivity( cm^2/s)

6.50E-09
6.00E-09
5.50E-09
5.00E-09
4.50E-09
4.00E-09

SEBS 10%

3.50E-09

SEBS 15%

3.00E-09
0

0.2

0.4

0.6

0.8

1

1.2

Concentration Styrene Homopolymer (%)

Figure 3.8: Diffusivity values of gels at SEBS concentrations of 10% and 15% at a series
of styrene homopolymer concentrations.
Table 3.2 and Figure 3.8 illustrate that altering the concentration of SEBS hinders the
diffusivity of AOT nanocarriers. Furthermore, they disprove the initial hypothesis that
styrene homopolymer concentration would affect release of AOT. Instead, it was observed
that the concentration of styrene homopolymer does not have a significant impact (p>0.05,
from 2-way ANOVA) on the diffusivity of AOT nanocarriers and only increasing SEBS
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concentration hindered diffusion (p<10-4, from 2-way ANOVA). Therefore, a better
hypothesis might be that the diffusivity is exclusively dependent on gel mesh size.
Mesh size (ξ) is the distance between polymer chains in the EB/ MO domain (see
Figure 1.3). Thus, when the SEBS content of a polymeric gel is increased a higher number
of EB chains cause a reduction in the mesh size (Equation 1.1). This is because within a
SEBS polymer the EB block accounts for two thirds of SEBS polymer and the polystyrene
block one third. The calculated values of mesh size for each gel specimen are shown in
Figure 3.9. Figure 3.9 illustrates that mesh size is not greatly impacted by the addition of
styrene homopolymer. Instead, it is observed that at higher SEBS concentrations the mesh
size decreased.
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Figure 3.9: Mesh Size of gels at SEBS concentrations of 10% and 15% at a series of
styrene homopolymer concentrations.
SEBS concentrations of 10% and 15% correspond to a mesh sizes of approximately
5.0 nm and 3.8 nm, respectively. In contrast, as determined by SAXS experiments, the
distance between polystyrene micelles are an order of magnitude larger. SEBS

32
concentrations of 10% and 15% correspond to a polystyrene-to-polystyrene micelle
distance of 34.2 nm and 31.7 nm, respectively. As a result, since the mesh size is an order
of magnitude smaller than the distance between polystyrene micelles, mesh size will
contribute a significantly higher resistance to AOT release.
Gel Mechanics
Gel formulations were subject to quasi-static uniaxial tensile testing to determine
the stress versus strain performance of styrenic gels at varying SEBS and styrene
homopolymer concentrations, Figure 3.10.

Figure 3.10: Stress-Strain profiles of gels of 10% and 15% SEBS polymer at series of
styrene homopolymer where solid lines represent tensile test data and dashed lines
represent stress-strain model (Equation 1.23).
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After conducting mechanical tests, it was observed that 1) increasing the concentration of
SEBS resulted in a steeper stress-strain response corresponding to a stiffer gel and 2)
increasing the concentration of styrene homopolymer within a constant concentration of
SEBS had a negligible impact on stress-strain response. Based on these observations it can
be concluded that increasing the concentration of SEBS within a sample results in a higher
modulus of the gel which is supported by previous work performed in the Mineart lab10.
To quantitatively analyze these stress-strain response diagrams, the stress-strain model
described by Equation 1.23 was fit to the experimental results. This model quantifies the
chain entanglement (Ge) and the crosslinked gel network (Gc) contributions to the modulus
of gels. The stress-strain model fits styrenic gel stress-strain behavior to approximately 300
percent strain. At larger strains, the stress-strain response of styrenic gels inflects upwards
which is not accounted for in the stress-strain model. While higher strain values are not
modeled, it must be noted that gel samples were run to strains of higher than 500 percent
without mechanical failure illustrating their mechanical resilience.
First, the impact of chain entanglement (Ge) on modulus values was investigated.
As shown in Figure 3.11, examination of Ge illustrates that Ge increases at higher
concentrations of SEBS (p<10-4, from 2-way ANOVA); however, when the SEBS
concentration is held constant but the styrenic homopolymer concentration is changed the
Ge does not vary significantly (p>0.05, from 2-way ANOVA).
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Figure 3.11: Chain entanglement contribution Ge at SEBS concentrations of 10% and
15% at a series of styrene homopolymer concentration.
Theoretically, Ge is proportional to the concentration of entangled EB chains (Equation
1.24). Above, it was discussed that when SEBS is increased both PS and EB are increased.
However, when styrene homopolymer is added it aggregates in the polystyrene micelles
increasing the size of polystyrene micelles while not contributing to the amount of EB
chains. As a result, SEBS concentration would be expected to effect Ge whereas styrene
homopolymer would not.
Next, the impact of crosslinked gel network (Gc) is examined. As shown in Figure
3.12, examination of Gc illustrates that Gc increases at higher concentrations of SEBS
(p<10-4, from 2-way ANOVA), while at a constant SEBS concentration and varying
styrenic homopolymer concentrations the Gc does not vary significantly (p>0.05, from 2way ANOVA).
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Figure 3.12: Crosslink network contribution Gc at SEBS concentrations of 10% and 15%
at a series of styrene homopolymer concentration.
Theoretically, Gc can be represented by Equation 1.21. Similar to Ge, increasing the styrene
homopolymer has no impact of Gc as this polystyrene micelle-selective polymer does not
contribute to the number of connections between crosslink micelles (i.e., polystyrene
micelles) by EB chains. As such Gc values remained unchanged with varying styrene
homopolymer.
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Chapter 4 - Conclusion and Future Work
In this thesis, the addition of PS homopolymer was investigated to identify the
effect on 1) gel nanostructure 2) AOT diffusivity and 3) gel mechanical performance.
Specifically, SAXS analysis determined that increasing PS homopolymer concentration
within a gel resulted in larger polystyrene micelles and concurrently a slightly smaller
distance between these polystyrene micelles. Next, it was determined that increasing PS
homopolymer concentration had an insignificant effect on AOT diffusivity from a gel due
to resistance to AOT diffusion being dominated by mesh size instead of distance between
PS micelles. Specifically, it was observed that diffusivities did not vary significantly across
a concentration series of styrene homopolymer and only varied between SEBS
concentrations. This was then theoretically explained using mesh size. Specifically, it was
determined that the mesh size within a gel ranged from 3 nm to 5 nm while the distance
between polystyrene micelles ranged from 31 nm to 35 nm. As a result, it can be concluded
that the mesh size dominates the resistance of AOT diffusion in the gel as the distance for
AOT to travel between is significantly smaller. Lastly, polystyrene homopolymer had an
insignificant effect on mechanical properties. This is because polystyrene homopolymer
only aggregates in polystyrene micelles and has no impact on ethylene butylene chain
concentration. Specifically, ethylene butylene concentrations were not varied significantly
across varying polystyrene weight percent series. As a result, since ethylene butylene
concentration has a predominant effect on gel modulus these results are supported. We
expect these conclusions will further the understanding of polymeric gels to improve their
adoption in the pharmaceutical industry.
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To further examine the effect of styrene homopolymer on gel diffusivities and gel
mechanics, I recommend additional experiments be performed. Specifically, I believe it
would be informative to examine gels in which the total polystyrene concentration within
gels is fixed while styrene homopolymer concentration is increased (by correspondingly
changing SEBS concentration). Using this formulation method, I believe the factors that
effect gel transport and mechanical properties (namely, ethylene butylene concentration)
would be altered.
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